Brachyspira (Serpulina) hyodysenteriae, the etiologic agent of swine dysentery, uses the enzyme NADH oxidase to consume oxygen. To investigate possible roles for NADH oxidase in the growth and virulence of this anaerobic spirochete, mutant strains deficient in oxidase activity were isolated and characterized. The cloned NADH oxidase gene (nox; GenBank accession no. U19610) on plasmid pER218 was inactivated by replacing 321 bp of coding sequence with either a gene for chloramphenicol resistance (cat) or a gene for kanamycin resistance (kan). The resulting plasmids, respectively, pCm⌬NOX and pKm⌬NOX, were used to transform wild-type B. hyodysenteriae B204 cells and generate the antibiotic-resistant strains Nox-Cm and Nox-Km. PCR and Southern hybridization analyses indicated that the chromosomal wild-type nox genes in these strains had been replaced, through allelic exchange, by the inactivated nox gene containing cat or kan. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western immunoblot analysis revealed that both nox mutant cell lysates were missing the 48-kDa Nox protein. Soluble NADH oxidase activity levels in cell lysates of Nox-Cm and Nox-Km were reduced 92 to 96% compared to the activity level in parent strain B204. In an aerotolerance test, cells of both nox mutants were at least 100-fold more sensitive to oxygen exposure than were cells of the wild-type parent strain B204. In swine experimental infections, both nox mutants were less virulent than strain B204 in that fewer animals were colonized by the mutant cells and infected animals displayed mild, transient signs of disease, with no deaths. These results provide evidence that NADH oxidase serves to protect B. hyodysenteriae cells against oxygen toxicity and that the enzyme, in that role, contributes to the pathogenic ability of the spirochete. Brachyspira (Serpulina) hyodysenteriae cells colonize the oxygen-respiring mucosal tissues of the swine cecum and colon. During the early stages of swine dysentery, cells of this spirochete are visible first along the intestinal epithelium and then among epithelial cells and within goblet cells (7, 20) . As the disease progresses, lesions appear in the mucosa at sites of spirochete colonization and host blood passes from underlying capillaries into the intestinal lumen through the lesions (7, 17). For the most part, bacterial characteristics essential for B. hyodysenteriae colonization and pathogenesis have not been thoroughly investigated, although there is evidence that hemolytic activity (15, 48) and bacterial motility and chemotaxis (18, 26, 32) are important contributing factors.
Brachyspira (Serpulina) hyodysenteriae cells colonize the oxygen-respiring mucosal tissues of the swine cecum and colon. During the early stages of swine dysentery, cells of this spirochete are visible first along the intestinal epithelium and then among epithelial cells and within goblet cells (7, 20) . As the disease progresses, lesions appear in the mucosa at sites of spirochete colonization and host blood passes from underlying capillaries into the intestinal lumen through the lesions (7, 17) . For the most part, bacterial characteristics essential for B. hyodysenteriae colonization and pathogenesis have not been thoroughly investigated, although there is evidence that hemolytic activity (15, 48) and bacterial motility and chemotaxis (18, 26, 32) are important contributing factors.
B. hyodysenteriae is an aerotolerant anaerobe. Cells of this spirochete grow beneath a culture atmosphere containing 1% O 2 -99% N 2 and consume substrate amounts of oxygen (46) . A major mechanism for oxygen metabolism by B. hyodysenteriae and other Brachyspira species is NADH oxidase, based on the high specific activities of the enzyme in soluble (membranefree) cell fractions of the spirochetes (40, 43) . The purified NADH oxidase of B. hyodysenteriae B204 is a flavin adenine dinucleotide-dependent, monomeric protein with an apparent molecular mass, based on gel migration, of 47 to 48 kDa (45) . The enzyme carries out a four-electron reduction of oxygen, yielding water. The gene for the B. hyodysenteriae NADH oxidase has been cloned (47) .
NADH oxidase has been viewed as a mechanism by which B. hyodysenteriae cells either contend with oxygen (as an antioxidant defense mechanism) or take advantage of oxygen (as an alternative NADH-regenerating pathway) in their native habitat, the oxygen-respiring tissues of the swine intestinal tract (40, 41) . The enzyme may be important in early stages of the disease when cells first populate mucosal tissues or in later stages when oxygen-carrying erythrocytes enter the spirochete habitat and are possibly lysed by the B. hyodysenteriae hemolysin. Additionally, NADH oxidase may protect cells from oxygen exposure during fecal-oral passage between hosts. In any of these roles, NADH oxidase would likely contribute to the virulence of B. hyodysenteriae.
The objectives of this study were threefold: first, to inactivate the NADH oxidase (nox) gene and produce B. hyodysenteriae mutant strains deficient in NADH oxidase activity; second, to use those nox mutants to investigate a possible role for NADH oxidase in the growth and oxygen sensitivity of B. hyodysenteriae; and third, to determine whether the loss of NADH oxidase affects the virulence of this mucosal pathogen for its host species, swine.
MATERIALS AND METHODS
Strains and culture conditions. B. hyodysenteriae B204 is a virulent strain commonly used in experimental infections of swine in the United States. Cells were routinely cultured, with stirring, in BHIS broth (Difco brain heart infusion broth containing 10% [vol/vol] heat-treated calf serum) beneath an initial culture atmosphere of 1% O 2 -99% N 2 (40, 42) . Trypticase soy blood (TSB) agar medium was made by adding defibrinated bovine blood (final concentration, 5% [vol/vol] ) to sterile, melted Trypticase soy agar medium containing glucose (BBL, Becton Dickinson, Cockeysville, Md.), and then the medium was poured into petri plates. Agar plates were prepared and stored in an air atmosphere until use. After inoculation, agar plate cultures were incubated in a Coy anaerobe chamber inflated with 5% H 2 , 10% CO 2 , and 85% N 2 .
B. hyodysenteriae Nox-Cm and Nox-Km were derived from strain B204. Cells of these NADH oxidase mutant strains were routinely cultured anaerobically in BHIS broth or on TSB agar plates containing chloramphenicol (final concentration, 10 g/ml [wt/vol]) or kanamycin (final concentration, 200 to 400 g/ml [wt/vol]). Cells of the nox mutants used in physiology and virulence experiments were cultured in antibiotic-free media. All antibiotics were purchased from Sigma Chemical Company, St. Louis, Mo.
Strain EPC (stands for electroporation and passage control) was subcultured from B204 cells that had been electroporated without DNA and cultured on medium without antibiotics. Inasmuch as there were no detectable differences between EPC cells and wild-type B204 cells in growth characteristics, genotypic properties, and virulence for swine in separate studies, data is not presented for that strain.
Construction of nox gene mutations. As described below, an antibiotic resistance gene (cat or kan) was inserted into the cloned nox gene and this constructed gene was used to mutagenize B. hyodysenteriae B204 cells through allelic exchange, that is, by replacing the wild-type gene with the constructed defective gene (Fig. 1) . Allelic exchange has been used to mutate two B. hyodysenteriae flagellar genes singly (31) or in combination (32) and a gene that confers hemolytic activity when it is cloned into Escherichia coli (48) .
The B. hyodysenteriae nox gene was subcloned as an EcoRI fragment from plasmid pCRNOX (47) into pUC19 to yield plasmid pER218. An internal 321-bp fragment, corresponding to nucleotide positions 214 to 534 in the nox coding sequence (GenBank accession no. U19610), was removed by digesting the plasmid with the restriction enzymes ClaI and NcoI (Fig. 1) . The ends of the plasmid were made blunt by adding missing nucleotides with the Klenow fragment of DNA polymerase.
The deleted 321-bp DNA sequence contained codons for amino acid positions (33) with NlaIV. The resulting 852-bp fragment was ligated into the deleted portion of the nox gene to yield plasmid pCm⌬NOX. By the same strategy, a kan resistance gene was removed from plasmid pUC4K (Pharmacia, Piscataway, N.J.) after digestion with HincII and the 1,252-bp fragment was ligated into the nox gene to yield plasmid pKm⌬NOX. The constructed plasmids were used to transform E. coli JM83 cells by standard electroporation techniques (36) . Both plasmid inserts contained promoters and ribosome binding sites for expression of antibiotic resistance. In both pCm⌬NOX and pKm⌬NOX, the antibiotic resistance genes were oriented so that their sense strands were aligned with the sense strand of nox. The plasmids are unable to replicate within B. hyodysenteriae cells and thus serve as suicide vectors.
Derivation of B. hyodysenteriae nox mutants. Transformation of B. hyodysenteriae B204 cells by electroporation was based on previously described methods (31) . Cultures in the early exponential phase of growth in BHIS broth were harvested by centrifugation and concentrated 75-fold by resuspension in 0.1 ml of 0.5 M sucrose. Cells (approximately 3.5 ϫ 10 9 CFU in 0.1 ml) were electroporated in chilled cuvettes (0.1-cm gap, 15-kV/cm discharge) containing 500 ng of plasmid DNA. Control electroporation mixes received no DNA. Following electric discharge, cells were immediately inoculated under anaerobic conditions into 0.5 ml of BHIS broth in a 18-mm-diameter culture tube containing a magnetic stirring flea and incubated with mixing at 38°C in a Coy anaerobic chamber. After 7 h of incubation to allow expression of antibiotic resistance, either chloramphenicol (final concentration, 10 g/ml) or kanamycin (200 g/ml) was added to the culture broth to select for cells in which the plasmid nox gene had exchanged with the chromosomal nox gene (Fig. 1) .
After an additional 12 h of incubation, 0.25 ml of each culture was spread on the surfaces of TSB agar plates containing either no antibiotic (control cultures), kanamycin, or chloramphenicol. The agar plates were incubated in an anaerobic chamber at 38°C. After 10 days, cells from individual colonies (hemolytic zones) were inoculated into BHIS broth containing antibiotic. Strains were purified by subculturing single colonies on agar plates at least twice before use in experiments.
Genotypic analysis of nox mutants. To confirm that B. hyodysenteriae nox mutant strains had either a cat or kan insertion in their nox genes, genomic DNAs were analyzed by PCR amplification and Southern hybridization. For PCR analysis, bacterial cells were harvested by centrifugation; lysed by resuspending them in buffer containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 2.5 mM MgCl 2 , 0.05% Tween 20, and 0.05% Triton X-100; and digested with proteinase K (100 g/ml) at 60°C for 1 h. The suspension was then heated at 95°C for 10 min to inactivate proteinase K, and a sample equivalent to 60 l (10 7 cells) of the original culture was used in the PCRs. PCR amplification was performed with VENT DNA polymerase supplemented with 6 mM MgSO 4 in accordance with recommendations of the manufacturer (New England Biolabs, Beverly, Mass.). Amplification was at 95°C for 3 min, followed by 30 cycles of denaturation (95°C, 1 min), annealing (50°C, 1.5 min), and extension (72°C, 2 min), and then by a final 72°C extension for 7 min. Primers based on the sequence of the nox gene included the forward primer FNOX, 5Ј-ATGAAAGTTATTGTAAT AGG-3Ј, which corresponds to nucleotide positions 1 to 20 of the coding sequence (CDS) (47) , and the reverse primer REVNOX, 5Ј-CACCTTCAAATT TCTTAAC-3Ј, which corresponds to base positions 681 to 663. Reverse primers, based on the antibiotic resistance genes (31), were REVCM, 5Ј-GATTAAATA TCTCTTTTCTCTTCC-3Ј (positions 55 to 32 of the cat CDS), and REVKM, 5Ј-CGCGGCCTCGAGCAAGACG-3Ј (positions 41 to 23 of the kan CDS). PCR products were detected and their sizes were determined after horizontal electrophoresis on 1% agarose gels in 0.5ϫ Tris-borate-EDTA buffer (36) , staining with ethidium bromide, and UV transillumination.
For Southern hybridization analysis, DNAs were prepared from small-volume (7-ml) cultures of B. hyodysenteriae strains by a scaled-down version of the Marmur technique (24), except that lysozyme was not needed to lyse bacteria. Genomic DNAs were digested by using the restriction enzyme SspI, AseI, or EcoRV according to the instructions of the supplier (Gibco-BRL). DNA fragments were separated by electrophoresis on a 1% agarose gel (100 V, 2 h) in 0.5ϫ Tris-borate-EDTA buffer. Conditions and reagents for blotting DNA onto nylon membranes, for radiolabelling the oligonucleotide nox probe, and for hybridization have been reported previously (43) . The oligonucleotide probe for the nox gene was the same as the FNOX primer used for PCR amplification.
NADH oxidase assays. Spirochete cells in the exponential phase of growth (3 ϫ 10 8 to 5 ϫ 10 8 cells/ml, direct counts) were harvested by centrifugation from 700 ml of BHIS broth (approximately 1.5 g [wet weight] of cells), washed once in 150 ml of 0.05 M sodium phosphate buffer (pH 7.0), and resuspended at 1 g (wet weight) of cells per ml of PBCF buffer (45) . This suspension on ice was sonicated with two 25-s bursts with a Kontes KT40 Micro Ultrasonic Cell Disrupter (setting 25) with 1 min of cooling between bursts. This method resulted in greater than 99% cell lysis, as determined by microscopy. NADH oxidase assay conditions, control assays, and methods for calculating enzyme-specific activities in cell lysates have been described previously (45) . Soluble oxidase activity refers to the activity in the supernate fractions (S1 fractions) after cell lysates had been ultracentrifuged at 147,000 ϫ g at 5°C for 2 h in order to remove unbroken cells and cell membranes (45) .
Proteins in S1 fractions of B. hyodysenteriae cells were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and analyzed by Western immunoblot techniques used to detect expression of the spirochete NADH oxidase in recombinant E. coli cells (47) . Swine antiserum D40, raised against partially purified NADH oxidase from B. hyodysenteriae cells, was the source of polyclonal antibodies. Twenty milliliters of a 1/250 dilution of the antiserum was placed in a glass test tube containing membrane filter strips on which mutant strain S1 fractions had been spotted (15 g of protein of each strain). The antiserum was gently mixed for 6 h at room temperature, diluted one-fourth, and then used as the primary antibody source to identify proteins present in wild-type cell lysates and absent from mutant cell lysates.
Oxygen sensitivity assay. To evaluate oxygen sensitivities of wild-type and mutant strains, cells were cultured overnight in BHIS broth (exponential growth phase; 1 ϫ 10 8 to 3 ϫ 10 8 CFU/ml). In a Coy anaerobic chamber, cultures were serially diluted 10-fold to the 10 Ϫ6 dilution in anaerobic, basal (no serum added) BHI broth. A 2-l sample of the original culture and of each dilution was spotted in a clockwise pattern onto the surfaces of each of seven TSB agar plates. The plates had been stored in the Coy chamber at room temperature for 12 h prior to inoculation. After the liquid sample had been absorbed into the agar (approximately 10 min), the plates were inverted and removed from the chamber. Zero-time exposure plates were immediately returned to the chamber and incubated at 38°C. Other plates were exposed to laboratory air at 38°C for periods of 2, 4, 6, 8, 10, or 12 h before incubation in the anaerobic chamber. After 72 h of incubation, plates were examined to determine the highest dilution (lowest cell density) at which growth, as judged by hemolysis, was visible.
Animal challenge experiments. The virulence of the nox mutant strains was evaluated independently in two experiments at two sites (Ames, Iowa, and Kalamazoo, Mich.). Crossbred postweaning piglets, both male and female, were randomly assigned to groups housed in separate rooms. Animals were 5 to 7 weeks old and weighed 10 to 15 kg at the time of challenge. Swine were fed antibiotic-free starter ration ad lib. Animals appeared healthy and were free of hemolytic E. coli, Salmonella, and B. hyodysenteriae based on culture analysis of rectal swabs taken prior to inoculation.
Animals were fasted for 24 h before and 2 h after inoculation. Animals were inoculated once by intragastric gavage with 100 ml of culture. All bacterial cultures were in the exponential growth phase and contained 2 ϫ 10 8 to 7 ϫ 10 8 viable cells (CFU) per ml of medium. Blood in feces was assessed visually or by an occult blood test (44) . Shedding of B. hyodysenteriae cells in feces was monitored by direct microscopy and by culturing rectal swab samples on TSB agar plates containing spectinomycin (39) . In addition to spectinomycin, either chloramphenicol (10 g/ml) or kanamycin (200 g/ml) was added to plates for recovery of the mutant strains.
Animals were monitored daily for signs of disease and weighed at least every three days. At the recommendation of attending veterinary staff, animals with severe, chronic dysentery (manifested as a 20 to 30%, or greater, loss in body weight) were euthanized and necropsied. For euthanasia, sodium pentobarbital (Sleepaway, T-61; Ft. Dodge Laboratories) at a dosage of 1 ml/4.5 kg of body weight was given intravenously, followed by exsanguination in accordance with National Animal Disease Center Animal Care and Use Committee guidelines. Experiments were terminated 3 and 4 weeks after inoculation, at which time surviving animals were euthanized and necropsied. Necropsy evaluations included visual examination of cecal and colonic tissues for inflammation and gross lesions typical of swine dysentery. At necropsy, tissue samples were fixed in formalin for later histopathological examination by light microscopy (7).
RESULTS
Isolation of B. hyodysenteriae nox mutant strains. Constructed plasmids pCm⌬NOX and pKm⌬NOX were used to genetically transform B. hyodysenteriae B204 cells, with selection for either chloramphenicol or kanamycin resistance (Fig.  1) . Based on PCR analysis, each of several colonies (eight Cm r and two Km r colonies) contained DNA with either cat or kan inserted into the nox gene. One strain of each resistance phenotype, designated Nox-Cm and Nox-Km, respectively, was selected for further study.
Genotypic analysis of nox mutant strains. Extrachromosomal DNA was not detected after gel electrophoresis and ethidium bromide staining of genomic DNA prepared from either strain Nox-Cm or strain Nox-Km. DNA from each strain was analyzed by PCR with the primers FNOX and REVNOX, which are complementary to the B. hyodysenteriae nox gene sequence upstream and downstream of the insertion sites of the antibiotic resistance genes (Fig. 1) . The estimated sizes of the amplification products were 0.7 kbp for strain B204, 1.6 kbp for strain Nox-Km, and 1.2 kbp for strain Nox-Cm. These amplicon sizes are consistent with insertion of either the kan (1,252-bp) or the cat (852-bp) gene into the nox gene after removal of the 321-bp ClaI-NcoI nox fragment. DNAs from strains Nox-Cm and Nox-Km also yielded, as expected, products approximately 0.38 kb in size after amplification with the primer FNOX and either the reverse primer REVCM or REVKM. These results indicated that antibiotic resistance genes were present within nox genes in the mutant strains.
The sizes of DNA restriction fragments hybridizing with a nox probe (Fig. 2) confirmed that gene exchange had occurred between the introduced plasmid and chromosomal DNA in the mutant strains. Only a single hybridizing fragment was detected for each digest. DNA from wild-type strain B204 contained a 1.2-kb SspI fragment that hybridized with the nox probe (Fig. 2) . Strain Nox-Cm DNA gave a 1.8-kb hybridizing fragment, consistent with the absence of an SspI site from the cat gene (Fig. 1) . Nox-Km DNA contained a hybridizing SspI fragment (0.9 kb) that was smaller than that of the wild-type DNA, as predicted from the internal SspI site in the kan gene (Fig. 1) . The sizes of the hybridizing fragments from the mutant strain DNAs cut with AseI or EcoRV were also consistent with the insertion of the constructed nox deletions into the wild-type nox gene ( Fig. 1 and 2) .
Both PCR and Southern hybridization evidence suggested that, in strains Nox-Cm and Nox-Km, the wild-type nox genes had been replaced with genes inactivated by insertional mutagenesis. This allelic exchange was associated with a double-crossover recombination event within the nox gene or close to the ends of the gene. A similar allelic exchange has been observed for B. hyodysenteriae fla genes (31) .
NADH oxidase activities. Soluble oxidase activities of strains Nox-Cm and Nox-Km were, respectively, 0.4 and 0.2 mol of NADH oxidized/min/mg of cell protein. These values were 8 and 4% of wild-type activity (4.7 mol of NADH oxidized/ min/mg of cell protein), respectively. In (control) enzyme assays under nitrogen, the mutant strains' NADH-oxidizing abilities were reduced by 90%, confirming that oxygen was essential for the low-level activity.
The only detectable difference in the electrophoretic profiles of proteins from soluble cell fractions of wild-type strain B204 and the mutant strains was a protein band with an estimated molecular mass of 48 kDa (Fig. 3A) . A similarly migrating protein was previously identified as the B. hyodysenteriae NADH oxidase (45, 47) . The protein reacted with antibodies raised against Nox and was missing from both mutant strains (Fig. 3B) . The loss of 92 to 96% of the oxidase activity and the disappearance of the 48-kDa protein from soluble cell fractions supported the DNA-based findings that the nox gene in each mutant strain had been inactivated.
There were no detectable growth differences (cell yields, population doubling times) between the mutant strains and wild-type strain B204 in broth in sealed culture tubes containing initial atmospheres of 1 or 2% oxygen (data not presented).
Oxygen sensitivities of nox mutant strains. In a test for oxygen sensitivity (Fig. 4) , there were no differences in levels of growth at any cell density between nox-deficient bacteria and wild-type bacteria after 0 and 2 h of exposure to air (Table 1) . Differences in survival became noticeable after 4 h of exposure (Table 1) vived at cell densities that were 100-to 10,000-fold higher than those of strain B204. Wild-type cells at high cell densities (10 0 to 10 Ϫ3 dilutions) survived over 10 h of exposure, whereas mutant cells at every dilution were killed between 6 and 8 h of exposure. Based on these results, cells of the Nox-Cm and Nox-Km strains were 100-to 10,000-fold more sensitive to oxygen exposure than were cells of the wild-type parent strain.
Swine experimental infections with nox mutant strains. Combined results of two independent experiments in which swine were inoculated intragastrically with cultures of strain B204, Nox-Km, or Nox-Cm are given in Table 2 . Every animal displaying signs of swine dysentery was later confirmed to have had the disease based on necropsy evaluation, histopathological detection of dysentery-like lesions, or both (data not presented). Of the animals inoculated with strain B204, 12 of 14 developed bloody diarrhea typical of swine dysentery within 3 to 12 days after inoculation. Four animals either died or became severely ill and were euthanized.
In contrast to the results with strain B204, clinical signs of dysentery in animals inoculated with nox mutants were not as common, were less severe, and were transient. There were no animal deaths due to either mutant strain. Only 1 of 14 animals inoculated with strain Nox-Km and 3 of 7 animals inoculated with strain Nox-Cm had detectable blood in fecal samples over a 2-day (average) period. Fewer animals inoculated with the nox mutants shed detectable B. hyodysenteriae in their feces, and the duration of shedding was shorter than for animals inoculated with wild-type cells (Table 2) . These results indicate the nox mutant cells were less virulent than wild-type cells and had a reduced capacity to colonize their animal hosts, that is, a reduced ability to both establish and maintain populations in the swine intestinal tract.
DISCUSSION
NADH oxidase activity has been reported for cells of obligately anaerobic bacteria (1, 2, 5, 6, 21, 23, 43) , archaebacteria (8, 25) , lactic acid bacteria (4, 10, 13, 19, 37) , mycoplasma (30) , microaerophilic bacteria (38) , and protozoa lacking mitochondria (3, 50) . NADH oxidase activity is displayed by several biochemically distinct enzymes which directly reduce molecular oxygen with electrons derived from NADH-H ϩ . The broad distribution of this activity suggests that NADH oxidase is a common adaptation by which microorganisms lacking a cytochrome-mediated reduction of oxygen are able to contend with or take advantage of oxygen in their environments.
Several roles for NADH oxidase in the growth and survival of microorganisms have been proposed. NADH oxidase provides certain lactic acid bacteria with an alternative NADH-H ϩ -oxidizing mechanism, resulting in more rapid growth, higher growth yields, and an ability to grow on substrates more chemically reduced than glucose, e.g., mannitol (9, 11, 22, 28) . By using NADH oxidase as an O 2 -scavenging mechanism, anaerobes such as Peptostreptococcus anaerobius, Clostridium spp., and Selenomonas ruminantium are thought to gain some measure of aerotolerance by protecting cell components and intracellular redox reactions from inactivation due to oxygen and oxygen radicals (6, 14, 29, 35) . In several anaerobic species, NADH oxidase activities increase in response to elevated oxygen exposure (1, 12, 27, 29, 35) . Strain differences in the levels of oxygen tolerance of Streptococcus mutans correlated with the NADH oxidase activities in the strains (12) . Although these observations are consistent with the hypothesis that NADH oxidase protects anaerobic cells from oxygen exposure, direct evidence is limited.
To investigate the influence of NADH oxidase on the oxygen sensitivity and virulence of B. hyodysenteriae, the NADH oxidase gene of strain B204 was inactivated by insertional mutagenesis. This approach led to the isolation of two strains, Nox-Cm and Nox-Km, each with a mutated nox gene (Fig. 2) , a corresponding diminution of over 90% of soluble NADH oxidase activity, and loss of the Nox protein (Fig. 3) .
Based on the viability of cells on agar plates incubated in laboratory air for various times, both B. hyodysenteriae nox mutant strains were 100-to 10,000-fold more sensitive to oxygen exposure than were cells of the wild-type strain B204 (Table 1) . These findings are direct evidence that NADH oxidase plays a role in protecting B. hyodysenteriae cells from the lethal effects of oxygen. The spirochete has additional oxidative stress defenses, NADH peroxidase, superoxide dismutase, and a Under anaerobic conditions, spirochete cultures were serially diluted 10-fold and the dilutions were spotted on TSB agar plates (Fig. 4) . Each plate was exposed to oxygen (laboratory air) at 38°C for 0 to 12 h as indicated and then incubated anaerobically at 38°C. Two cultures of each strain were tested in each of three experiments.
b From experiment to experiment, the cell dilution at which growth was inhibited could vary by 1 dilution. For this reason, median dilution values are reported. In any single experiment, the dilution at which growth of a mutant strain was inhibited was always 100-to 10,000-fold greater than the dilution of the wild type that was inhibited. NG, no detectable growth of cells at any dilution.
catalase (16, 40) , and appears well equipped for contending with oxygen in its natural environment.
We hypothesized that oxygen-metabolizing enzymes are important adaptations enabling B. hyodysenteriae cells to establish and persist among the O 2 -respiring tissues of the swine intestinal tract (45) . In this capacity, NADH oxidase might contribute to the colonizing ability and virulence of this anaerobic spirochete. The behavior of the nox mutant strains in animal challenge experiments supports this hypothesis inasmuch as both Nox-Km and Nox-Cm were less virulent for swine than was the parent, wild-type strain B204 (Table 2) .
We are aware of two alternative explanations for the decreased virulence of the nox mutants. These explanations are unrelated to increased oxygen sensitivity. First, it is possible that the presence or expression of antibiotic resistance genes somehow reduces B. hyodysenteriae virulence. This explanation seems unlikely since both mutant strains, with different antibiotic resistance genes, exhibited similar in vitro and in vivo characteristics. Furthermore, we are unaware of examples of other pathogenic bacteria whose virulence is diminished by the expression of chloramphenicol or kanamycin resistance. Second, mutations in the nox gene may cause "polar effects," affecting transcription of virulence genes downstream from nox. A strong (⌬G ϭ Ϫ25.5 kcal/mol) DNA inverted repeat sequence, commonly associated with transcription termination, lies immediately downstream of the B. hyodysenteriae nox gene (47) . The existence of this hairpin loop makes a polar transcription effect appear less likely but does not rule it out. Unfortunately, genetic techniques, such as rescue complementation of the mutated gene, to completely rule out these alternative explanations are currently unavailable for B. hyodysenteriae.
Although both nox mutants exhibited reduced virulence for swine by comparison to that of the wild-type parent strain, they were not avirulent. Fewer animals were colonized, and infected animals exhibited mild disease symptoms, namely, short duration of bloody feces and no animal deaths. It seems worthwhile to determine whether or not the transient dysentery associated with the mutant strains provides protective immunity against challenge with the wild-type strain. If immunity develops and the incidence of animals colonized by the nox mutant cells can be increased, the nox mutant stains might find practical use as rationally attenuated, live vaccine strains.
